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Abstract: Utilizing continues-wave or pulsed laser to induce 
nano-structures on various material surfaces is one significant 
method in nano-fabrication technology. In this report, we 
investigate the formation of high spatial frequency periodic 
structures on Polyvinyl Pyrrolidone (PVP) film by a linearly 
polarized femtosecond laser. Ferric (Fe) ions are introduced 
into the film to improve the photosensitivity. Regular nano-
gratings with spatial periods at the range of 60-100nm, which 
are about one tenth of the irradiating wavelength, can be 
induced. The period direction of the nano-gratings is 
perpendicular to the polarization of the femtosecond laser. By 
tuning the laser energy and scanning speed, we find that the 
nano-gratings can be formed in a wide range of experimental 
parameters. As high laser energy can excite not only metals, 
but also semiconductors and polymers, we believe the 
formation of the nano-gratings is due to the interaction between 
the incident femtosecond laser and surface plasmons. The laser 
processable PVP-based materials and the induced nano-
gratings will have potential applications in biophotonics and 
nanophotonics. 
1. Introduction 
Laser-induced periodic surface structures (LIPSSs) which also termed as ripples on various 
materials including metals, semiconductors and dielectrics have been widely investigated by 
using continuous-wave (CW) or pulsed lasers [1-5].The ripples with period Ʌ approximately 
equal to the laser wavelength are called low spatial frequency LIPSSs (LSFL), whose 
orientations are always perpendicular to the laser beam polarization [6-8]. On the other hand, 
the ripples with Ʌ much smaller than the laser wavelength are referred to as high spatial 
frequency LIPSSs (HSFL). Their orientations are often perpendicular [9] and sometimes 
parallel to the laser beam polarization [10]. When ultra-short laser pulses such as femtosecond 
are applied, the size of LIPSSs can be much smaller than the irradiating wavelength or even 
below one tenth of it [11, 12]. Thus ultra-short laser pulses offer a potential tool for producing 
surface nano-structures [13, 14]. 
The formation of LIPSSs is a complex process. Miscellaneous interactions between light 
and matter such as laser-induced carrier excitation or carrier thermalization are involved [15-
17]. Several models have been developed to explain the underlying physics [3, 18-20]. Among 
them, the surface scattered wave model is the most popular and widely accepted one. It 
contributes the formation of LSFL to the interference between the incident wave and the 
surface scattered waves caused by the surface roughness of the sample. The period of LSFL is 
given by λ/ (1±sinθ), where λ is the irradiating wavelength and θ the angle of incidence.   
However, the period of HSFL cannot be described by the aforementioned equation. More 
factors such as excitation of surface plasmon polaritons (SPPs) or grating-assisted SP-laser 
coupling have been taken into account [21, 22]. Under irradiation of ultra-short laser pulses, 
the sample surface can be highly excited regardless of the type of the material [22, 23]. The 
optical properties of the sample are modified and thus SPPs can even be excited in non-
metallic materials. Other possible physical mechanisms such as self-organization [24], second 
harmonic generation [25], and Coulomb explosion [26] have also been proposed to interpret 
the formation of HSFL. However, there is still no comprehensive mechanism to explain the 
actual physical process until now.  
For HSFL, most of the investigations have been focused on semiconductors or metals [27-
30].The period of ripples depends strongly on the type of materials with different refractive 
indexes or band gaps [31]. Polymer is another very important class of materials which is 
significant in the process of chemistry and biology. However, to the best of our knowledge, 
there are very few reports on the formation of HSFL on polymer-based materials. Polyvinyl 
Pyrrolidone (PVP) is one of the most popular polymer widely utilized in medical and food 
industries because of its excellent solubility, hypotoxicity, chemicalstability, film-forming and 
biodegradable properties. The absorption efficiency of PVP is very low at visible. When it is 
irradiated by an ultraviolet (UV) laser, ripples could be formed with a period similar to the 
laser wavelength and parallel to the laser polarization direction [32]. Nonetheless, UV light is 
harmful to biological cells thus it is not suitable for PVP processing in biology applications. 
On the other hand, some groups have added PVP into gold salt [33], platinum/palladium salt 
[34] or silver salt [35] solutions to investigate its influence when the materials are irradiated 
by pulsed laser. The interaction between the materials and laser is a photoreduction process 
through which the metallic ions can be reduced into atomic state and metallic nanoparticles 
can be formed finally. PVP functions as a supportive or capping material in these cases. No 
LIPSSs have been found in these material systems [33-35]. 
In this paper, we investigate the interaction between the PVP-based polymer and 
femtosecond pulsed laser. Fe(NO3)3 is added into the PVP solution to increase its 
photosensitivity. We find that HSFL (also named as nano-gratings here due to their high 
regularity) can be formed on the Fe ion-doped PVP film with orientation being always 
perpendicular to the polarization direction of the laser beam. The period of the nano-gratings 
is found to be between 60-100nm, which breaks the optical diffraction limit and could not be 
obtained by conventional photon lithography. Since the optical properties of materials could 
be modified by ultra-short laser pulses, we believe that the formation of these nano-gratings is 
due to the excitation of SPPs [36], which is similar to the formation mechanism in metals and 
semiconductors [23, 37]. By investigating the influence of the laser energy and the scanning 
speed of the sample on the formation of nano-gratings, we find that they can be produced in a 
broad range of experiment parameters. These nano-gratings formed in PVP-based materials 
can find applications in biophotonics, nanophotonics and optoelectronics devices. 
2. Experimental setup 
PVP（Shanghai EKEAR）and Fe(NO3)3 (Shanghai Crystal Pure) were mixed in deionized 
water and stirred for 20minutes. Then they were spin-coated on cover glasses and dried at 
100℃ for 10minutes. After written by the pulsed laser, the Fe ion-doped PVP film was 
soaked in ethyl alcohol for two hours and the unexcited region was then washed out by 
deionized water. The thickness of the film was controlled to be between 60-80nm. The laser 
direct-writing system is similar to that described in the reference [38]. Shortly, laser pulses at 
a wavelength of 800nm with pulse duration 130fs were delivered from a mode-locked Ti: 
sapphire oscillator at 76MHz repetition rate (Mira 900, Coherent). An attenuator and a half 
wave plate were used to control the energy and the polarization direction of the laser beam. 
The polarized laser beam was focused normally on the sample by a 100x oil-immersion 
objective (NA=1.4, Zeiss). The diameter of the focused spot is about 1µm. The sample was 
fixed on a computer-controlled three-dimensional high-precision nanopositioning translation 
stage (P-563, PI). During the writing process, the sample was displaced by the 
nanopositioning stage while the laser beam was stationary. In order to investigate the 
influence of the experimental conditions on the formation of nano-gratings, the transmitting 
speed of the sample was varied from 0.2µm/s to 20µm/s and the laser energy from 51mJ/µm
2
 
to 127mJ/µm
2
. All experiments were carried out in air at room temperature. The surface 
morphology of the written samples was examined by a scanning electron microscope (SEM) 
(Ultra 55, Zeiss). 
3. Results and Discussions 
As shown in Fig. 1, the absorption of the PVP solution is very low from 350nm to 900nm, as 
was mentioned in the introduction part. It can be significantly increased by introducing Fe 
(NO3)3 into the PVP solution at around 425nm. Not surprisingly, higher Fe concentration 
leads to larger absorption. For pattern writing, a molar ratio of 1:1 between PVP and Fe 
(NO3)3 was utilized in the experiments.  
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     Fig. 1. The absorption spectra (normalized to water) for PVP and Fe ion-doped PVP solutions. 
Fig. 2(a) exhibits a typical SEM image for a written line on the Fe ion-doped PVP film. As 
can be seen, there are three different regions on the sample: unexcited area, solidified area and 
nano-grating area. It’s known that the material response under different energy irradiation is 
different. As the nano-gratings were always found to be in the center of the laser irradiation 
track in our experiments, we can deduce that the energy to induce nano-gratings is higher than 
that to induce solidification. Therefore, we can divide the Gaussian laser beam into three 
different regions as shown in Fig. 2(b). When the energy of the laser beam at focus 
approaches the first threshold level (T1), the Fe ion-doped PVP film would be cross-linked 
and solidified. If the energy exceeds the second threshold level (T2), nano-gratings would be 
formed. The period of the nano-gratings was found to be between 60-100nm in our 
experiments, which is about 1/10 of the irradiation wavelength. Such small value breaks the 
diffraction limit and cannot be obtained by conventional photo-lithography technique. The 
width and the length of the nano-grating are approximately equal to 40nm and 600nm 
respectively. The depth of the nano-grating is in the range of 20-40nm, depending on the 
thickness of the film. These parameters are reproducible and remain similar under different 
experimental parameters. If we further increase the laser energy to surpass the third threshold 
level (T3), the Fe ion-doped PVP film would be ablated and nothing would be left on the 
sample. One interesting thing happened in our experiments was that we have not found low 
spatial frequency LIPSSs in our material system. 
 
Fig. 2. (a) A typical SEM image for a written line showing different response regions which correspond to 
different energy level of the Gaussian laser beam. The scanning speed and laser energy are 2μm/s and 75mJ/μm2 
respectively. The red double-direction arrow plots the polarization direction of the laser beam. (b) A schematic 
cross section of the Gaussian laser beam. T1, T2, T3 represent the three threshold levels respectively. 
Normally, the direction of the induced nano-gratings with either HSFL or LSFL is 
dependent on the polarization of the irradiation laser [31]. Here we vary the scanning and 
polarization directions to investigate their influences. Fig. 3(a) demonstrates a circle drawn by 
the pulsed laser. The polarization was along the vertical direction. As can be seen, the 
direction of the nano-gratings remain horizontal across the whole circle, meaning that it is 
always perpendicular to the polarization of the irradiation regardless of the laser scanning 
direction. The disconnection on the written circle indicated by a blue dotted square is caused 
by the misregistration of the nanopositioning translation stage between the starting and end 
points of the scanning. Fig. 3(b) shows a non-orthogonal cross written by the horizontally 
polarized laser beam. The direction of the nano-gratings confirms that it is perpendicular to 
the polarization of the irradiation laser beam. Because of the asymmetry of the focus spot, the 
width of the solidified area besides the nano-grating area is found to be asymmetric as well, 
which can be observed in Fig. 3(a) and Fig. 3(b). 
Obviously, the scanning speed and the power of the laser are correlated when we consider 
the energy acts on the sample in the laser writing experiments. Lager scanning speed 
corresponds to less pulses and thus lower laser energy accumulated in the material within a 
certain period of time. Now we investigate the influence of the scanning speed as well as the 
laser energy on the formation of HSFL respecvively. 
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Fig. 3. SEM images show the relationship between the laser polarization direction and the orientation of the 
nano-gratings. (a) A circle written by a vertically polarized laser beam at a scanning speed of 2μm/s with the 
laser energy 83mJ/μm2. (b) A non-orthogonal cross written by a horizontally polarized laser beam at a scanning 
speed of 2μm/s with the laser energy 7mJ/μm2. The red double-direction arrows plot the polarization direction 
of the laser beam. 
At first, we fixed the laser energy to be 76mJ/μm2 and tuned the scanning speed to 
investigate the evolution of the surface nano-strucutres. As demonstrated in Fig. 4, the 
evolution of the surface morphology can be divided into four stages with different scanning 
speed. At a scanning speed of 8μm/s, the film starts to be cross-linked (refer to Fig. 4(a)). This 
corresponds to the solidified region as shown in Fig. 2(b). A point defect circled by red 
dotted-line can be observed on the right hand side of the picture. With a decrease of the 
scanning speed, more defects are formed (refer to Fig. 4(b) and 4(c)). At the same time, the 
defects grow transversely and form nano-gratings with more pulses accumulated in the 
materials (refer to Fig. 4(d) and 4(e)). If too much energy is accumulated in the materials 
within a period of time, the energy threshold T3 is to be reached and the materials would be 
ablated. The last transverse length of the nano-gratings is dependent on the diameter of the 
focused laser spot. In our experiments, the size of the focus spot is ~1μm. The length of the 
nano-gratings was found to be ~600nm.  
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Fig. 4. SEM images of samples under laser energy of 76mJ/μm2 with different scanning speed (a) 8μm/s, (b) 
4μm/s, (c) 2μm/s, (d) 1μm/s, (e) 0.5μm/s, (f) 0.2μm/s. The red double-direction arrows plot the polarization 
direction of the laser beam. 
 
 
Fig. 5. SEM images of samples under laser energy of 70mJ/μm2 with different scanning speed (a) 6μm/s, (b) 
4μm/s, (c) 2μm/s, (d) 1μm/s respectively. The right insets in each image are the magnified parts of the 
written circle to demonstrate the details of the nano-structures. The unconnected parts on the circles 
positioned by blue dotted squares are caused by the misregistration of the nanopositioning translation stage 
between the starting and end points of the scanning. The red double-direction arrows plot the polarization 
direction of the laser beam. The size of the green scale bars is 500nm. 
When we changed the scanning track of the laser beam from a straight line to a circle, as 
shown in Fig. 5, the response trend of the material is similar. In other words, more nano-holes 
are induced and grow transversely into nano-gratings simultaneously when more laser pulses 
are accumulated in the materials (refer to Fig. 5(b-d)). Therefore, the processes of forming 
nano-gratings are similar for different scanning patterns. 
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Fig. 6. SEM images of samples under laser energy of 83mJ/μm2 with different scanning speed: (a) 0.5μm/s, 
(b) 1μm/s, (c) 2μm/s, (d) 4μm/s, (e) 8μm/s, (f) 12μm/s. The red double-direction arrows plot the polarization 
direction of the laser beam. 
The lowest speed of our scanning system is limited to be 0.1μm/s. As the scanning speed 
and the energy accumulated in the materials are correlated, we increased the laser power to be 
89mJ/μm2, which can achieve similar effect as decreasing the scanning speed further. The 
results are shown in Fig. 6(a-f). Obviously, with an increase of the laser power, the influence 
of the scanning speed becomes different compared to the results shown in Fig. 4 and Fig. 5. 
The nano-gratings can be formed in a wide range of scanning speed. When the speed is faster 
than 2μm/s, some defects start to appear at the center of the nano-gratings. With a further 
increase, the defects dominate the nano-grating area and there are almost no nano-gratings at 
last, as shown in Fig. 6(f). This may be due to a strong thermal effect induced by high laser 
energy. When the laser power is within the nano-grating forming range, the Fe ion-doped PVP 
may be softened or melted, especially at the center of the laser beam. If the scanning speed is 
too fast, the softened center part of the cross-linked polymer may be drawn by the movement 
of the sample. This point can be confirmed by the bending direction of the nano-gratings. The 
results shown in Fig. 6(a-f) were obtained by moving the sample from right to left. As can be 
observed, all the nano-gratings bend to the moving direction of the sample. This phenomenon 
suggests that the formation of the nano-gratings requires the laser beam dwelt on the sample 
for a period time. 
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Fig. 7. SEM images of samples at a scanning speed of 1μm/s with laser energy: (a) 57mJ/μm2, (b) 70mJ/μm2, 
(c) 83mJ/μm2, (d) 95mJ/μm2.The red double-direction arrow plots the polarization direction of the laser beam. 
On the other hand, the laser energy also influences the formation of the nano-gratings. Fig. 
7 exhibits typical SEM images at a scanning speed of 0.5μm/s under different laser energy. As 
shown, well-ordered nano-gratings can be produced within a laser energy range of 57-
83mJ/μm2. When the laser energy is as high as 95mJ/μm2, some parts of the nano-gratings 
were ablated as shown in Fig. 7(d). 
The above experimental results show that, although the scanning speed of the sample and 
the laser beam energy influence the quality of the nano-gratings, they can be produced easily 
at a wide range of experimental parameters. Furthermore, we expect other reductives such as 
copper salt could also be utilized to enhance the absorption efficiency, which makes PVP 
processable by femtosecond laser at visible. Therefore, the method demonstrated here is 
highly flexible and has potential applications for generating nano-structures much smaller 
than the irradiating wavelength in nanophotonics and bio-nanophotonics. 
4. Conclusions 
To summarize, we have investigated the interaction between femtosecond pulsed laser and 
PVP-based polymer film. It was found that the Fe ions doped into the PVP film can enhance 
its absorption efficiency and make it processable by femtosecond laser at visible. High spatial 
frequency nano-gratings with periods between 60-100nm can be induced on the PVP-based 
film which breaks the diffraction limit. The orientation of the nano-gratings was found to be 
perpendicular to the polarization of the laser beam. Although both the sample scanning speed 
and laser energy can influence their formation, the nano-gratings can be produced very easily 
in a wide range of experimental parameters. These nano-gratings produced in PVP-based 
materials will have potential applications in various biotechnology and nano-optoelectronics. 
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